Statistical multivariate methods like Box-Behnken, face central composite and full factorial designs (BBD, FCCD and FFD, respectively) 
Introduction
The extraction process variables are commonly optimized in order to maximize the yield of desired extractive substance(s) from plant materials. Since a number of process variables can affect the extraction of extractive substances from plant materials, the application of statistical techniques is preferable than the traditional "one-factor-at-a-time" optimization method. By statistical optimization techniques, the influence of the extraction process variables on the yield of desired extractive substance(s) is analyzed through a smaller number of experiments, which reduces greatly laboratory work and reagent consumption. For the optimization of liquid-solid extraction processes, the response surface methodology (RSM) is usually applied in combination with the full factorial design (FFD) [1] [2] [3] , central composite design (CCD) [4] [5] [6] [7] [8] [9] [10] [11] or Box-Behnken design (BBD) [12] [13] [14] serving for the data collection. The Plackett-Burman design followed by either CCD [15] or BoxBehnken design [16] [17] [18] has also been applied in optimizing liquid-solid extraction processes. The extract yield is usually correlated with the extraction process factors by using the second-order polynomial (quadratic) equation while the statistical significance of the process factors and their interactions are assessed by the analysis of variance (ANOVA). Knowing the functional dependence of the extract yield on the extraction process factors, the optimal levels of the factors can be selected.
Industrial hemp (Cannabis sativa L.) is cultivated for fiber and seed due to high yields of biomass and seed oil. It has multiple industrial applications like in textile, paper, construction, food, feed, pharmaceutical, cosmetic and other industries [20, 21] . Since recently, hemp has been used for the production of bioethanol and biogas from biomass [20] and biodiesel from seed oil [22, 23] . High seed oil content, fast plant growth and low agricultural inputs make hemp a cost-effective crop for biodiesel production. Cold pressing [24] [25] [26] , supercritical carbon dioxide extraction [26] [27] [28] [29] and solvent extraction [3] have been applied so far for extracting the oil from hemp seeds. Kostić et al. [3] have studied the impact of the process factors on the hempseed oil (HSO) yield reached by solvent extraction using the RSM coupled with a FFD with replication. Besides that, the oil recovery from hempseed and its press cake by supercritical carbon dioxide extraction was optimized using the RSM combined with an faced CCD (FCCD) with a central point [28] or a BBD [30] , respectively.
The present study deals with comparing the performances of three-factor-three-level BBD and FCCD with the corresponding FFD with replication, which are used in combination with the RSM for the optimization of the HSO extraction by n-hexane with respect to solvent-to-seed ratio, operation temperature and extraction time. The main goal was to evaluate if simpler BBD or FCCD could adequately replace the more expensive, more time-consuming and more tedious FFD with replication in the modeling of oil extraction from seeds. According to the authors' best knowledge, the three designs have not yet been compared to each other with respect to their performances in the optimization of seed oil extraction processes although they differ in the number of experiments and quality of information acquired by their accomplishment.
Experimental 2.1 Materials, equipment, extraction conditions and procedure
Materials, equipment, as well as extraction procedure and conditions were described in details elsewhere [3] . The seed of hemp (Cannabis sativa L.), purchased from a local market, contained 34.93 g of oil per 100 g of dried seed and 2.5% of water. Before extraction, the seed was ground in an electric mill in order to get seed powder having the average particle size of 0.47 mm. The seed powder (5 g) and n-hexane, HPLC grade (Lab-Scan, Dublin, Ireland), in the desired ratio (solvent-to-seed ratio of 3:1, 6.5:1 or 10:1 mL/g) were added to an Erlenmeyer flask (100 mL), connected to a condenser, which was placed in a water bath at 20, 45 or 70 o C for a certain period of time (5, 10 or 15 min). At the end of the extraction, the liquid extract was separated from the exhausted plant material by vacuum filtration. The cake obtained was washed twice with fresh solvent (20 mL). The filtrates were combined and evaporated to a constant mass at 50 o C under vacuum. Experiments were randomly run in order to avoid questionable variability that influences the HSO yield because of extraneous factors.
Modeling of experimental results
The extraction temperature (X 1 ), solvent-to-seed ratio (X 2 ) and extraction time (X 3 ) were optimized to ensure the maximum HSO yield in the batch extraction using n-hexane. Each factor consisted of three levels including extraction temperature (20, 45 and 70 o C), solvent-to-seed ratio (3:1, 6.5:1 and 10:1 mL/g) and extraction time (5, 10 and 15 min). Two experimental designs, BBD and FCCD, were used in the optimization study. The experimental points of BBD and FCCD are localized at different places of the experimental cubic space, i.e. the BBD does not contain the vertices of the experimental cubic space, and the FCCD examines borderline regions. However, all experimental points of these two designs are included in the corresponding FFD. The design matrices of the BBD (14 runs) and FCCD (16 runs) are shown in Tables 1 and 2 , respectively. These designs were the parts of the corresponding three-factorthree-level FFD with replication (54 runs) [3] .
First, the adequacy of the BBD-and FCCD-based models was tested by the sequential sum of squares, lack of fit and model summary statistic tests. These tests select the highest order non-aliased polynomial model where the additional terms are significant, the model with insignificant lack-of-fit and the model maximizing the adjusted and predicted coefficients of determination, R , coefficient of variation (C.V.), lack-of-fit and mean relative percentage deviation (MRPD). Besides that, the developed models were assessed on the basis of the corrected Akaike information criterion (AICc) [31] .
R-Project software (open source, http://cran.us.r-project. org) was used for developing the models, testing their adequacy, performing the ANOVA and optimizing the process factors. Previously, the Shapiro-Wilks normality test proved the HSO yield data were normally distributed at the 0.05 level of significance (BBD: statistic = 0.884 and p = 0.067; FCCD: statistic = 0.963 and p = 0.712). Also, the constant variance, the normality plots of residuals and the Cook's distance plots for both datasets were tested. These tests proved the constant variance, the normal distribution of residuals and the absence of any outliers in the tested datasets ( Figure S1 , Suppl. material).
(1) (2) , where n = 14. 
Adequacy of the models
The results of the three tests of the models' adequacy are given in Tables 3-5 . Since all three tests indicated the cubic models were aliased, they should be rejected from further consideration as being unsuitable for the application in modeling and optimization. Besides that, the reduced cubic BBD-and FCCD-based models were aliased and insignificant, respectively so they also were disregarded from further consideration. On the other hand, the quadratic BBD-and linear FCCD-based models were recommended as the best by all three tests. The suggested models had an insignificant lack-of-fit, which was advisable (BBD-and FCCD-based models: p = 0.961 and 0.935 > 0.050, respectively; Table 4 R -values of 0.813 and 0.633, respectively that were close to each other as expected, i.e. the difference between them was smaller than the advisable value of 0.2. Therefore, this model was selected for further modeling and optimization of the HSO extraction. The corresponding 2FI and linear models based on the BBD should be disregarded as they had negative 2 pred R -values, indicating the overall mean as a better predictor of HSO yield than these models. The reduced quadratic BBD-and quadratic FCCD-based models had the acceptable R 2 -values but the differences between the 2 pred R -and 2 adj R -values were larger than the recommended value of 0.2 [32] , which compromised these models. Since no outlier value was observed in the analyzed dataset, the observed problem was not related to the dataset but to the models. As suggested by the performed tests, the linear FCCD-based model was selected for modeling. This model had a modest R 2 -value of 0.742 and the difference between the 
ANOVA and multiple non-linear regression results
The ANOVA results obtained from the quadratic BBD-and linear FCCD-based models are presented in Table 6 while the corresponding Pareto plots are shown in Figure S2 (Suppl. material). The regression models derived from the FFD dataset and the corresponding BBD and FCCD sub-datasets as functions of HSO yield on temperature, solvent-to-seed ratio and extraction time are shown in Table 7 . For the BBD-based quadratic model, the ANOVA indicated that only all three individual process factors and the quadratic term of extraction temperature had a statistically significant influence on HSO yield in the employed experimental region at the 95% confidence level whereas the other terms had a minor importance. This agreed with the results of the ANOVA applied to the reduced cubic [3] and quadratic FFD-based models (Table S1 , Suppl. material).
On the other hand, the ANOVA results of assessing the FCCDbased linear model pointed out temperature and solvent-to-seed ratio as only significant terms, which was in agreement with the ANOVA results for the linear FFD-based model (Table S2 , Supplementary material). The F model -and p-values implied that both models were significant. As already said, the F-values of the lack-of-fit with the corresponding p-value larger than 0.050 were insignificant, meaning that the two models fitted well. Besides the R 2 -values, the goodness of fit of both models was proven by very low MRPD-values (BBD: ±1.1%, 14 data; and FCCD: ±2.0%, 16
The linear regression coefficients of the quadratic BBD-and linear FCCD-based models were positive, indicating a positive influence of temperature, solvent-to-seed ratio and extraction time on HSO yield, which was also observed for the quadratic FFD-based model (Table 7) . With increasing the extraction temperature and solvent-to-seed ratio, the oil solubility and diffusion rate increased while viscosity of the suspension decreased, enabling the achievement of a higher HSO yield in a shorter time. Naturally, the HSO yield increased with the progress of the extraction process. According to the quadratic BBD-based model, the solvent-to-seed ratio (X 2 ) had the most significant effect on HSO yield and the extraction temperature (X 1 ) was more influential than the extraction time (X 3 ). However, the linear FCCD-based model pointed out the extraction temperature as the most influential process factor.
Verification of the quadratic BBD-and reduced linear FCCD-based models
The quadratic BBD-and reduced linear FCCD-based models were validated on the basis of the corresponding sub-datasets taken from the original FFD data [3] that were not included in their development. As it can be seen in Tables S3 and S4 (Supplementary material), the quadratic BBD-and reduced linear FCCD-based models fitted greatly the experimental data from outside of the experimental region employed in their derivation as the MRPD-values were only ±4.1% (based on 40 Cor. total 31.14 15 data) and ±3.6% (based on 38 data), respectively. The reduced cubic FFD-based model resulted in the MRPD-value of ±2.3% (54 data). Therefore, the simpler regression models showed a great fitness in the whole experimental cubic space and could be recommended for modeling of oilseed extraction instead of the more extensive FFD.
Optimization of process factors
For the selection of the optimal operating conditions using the quadratic BBD-and reduced linear FCCD-based models, the criterion of optimization was to get the maximum HSO yield with the process factors constrained to the applied experimental region. According to the quadratic BBD-based model, the maximum HSO yield about 31 g/100 g could be obtained at either 20 or 70 °C in 15 min if the solvent-to-seed ratio was close to 10:1 mL/g. Under these conditions, the best predicted HSO yields at 20 and 70 °C were about 31.0-31.5 and 30.8 g/100 g, respectively while the experimental HSO yields were 30.4 and 30.8 g/100 g, respectively. In the case of the reduced linear FCCD-based model, the best HSO yield of 29.87 g/100 g could be achieved at 70 °C and the solvent-to-seed ratio of 10:1 mL/g in the employed range of extraction time (5-15 min) . Under the same extraction conditions, the experimental HSO yields achieved in 5, 10 and 15 min were 29.38±0.33, 29.06±0.15 and 30.00±1.28 g/100 g, respectively or the average HSO yield of 29.48±0.41 g/100 g in the entire extraction time period of 5-15 min.
Comparison of the BBD-, FCCD-and FFD-based models
Performances of the BBD-, FCCD-and FFD-based models could be compared with respect to their complexity, validity and accuracy, recommended optimal reaction conditions as well as costs and the required laboratory labor. Several criteria for comparing the models' performances are given in Table  8 . Obviously, all compared models were significant and had an insignificant lack-of-fit with the 95% confidence level. Among the compared regression models, the quadratic BBDbased model had the best values of R 2 , 2 adj R , 2 pred R and MRPD. Besides that, the FCCD-based models have smaller AICcvalues than the FFD-and BBD-based models. All developed models led to the same optimal extraction temperature of 70 °C although the quadratic BBD-based model pointed out also the extraction temperature of 20 °C as the optimal one.
The reduced cubic and quadratic FFD-based models defined a somewhat lower solvent-to-seed ratio and a slightly shorter . . . . . . . . . extraction time than the BBD and FCCD-based models. The best HSO yields predicted by all analyzed models were close the experimental yields obtained under the same optimum extraction conditions (about 30 g/100g). It should be emphasized that the BBD and FCCD-based models involve a much smaller number of experimental runs, so they generate lower costs, require less labor and consume shorter time than the FFD-based models. In line with all above-mentioned arguments, the BBD and FCCD could be suggested for collecting the data intended for the optimization of liquid-solid extraction processes instead of the more extensive FDD.
Conclusion
BBD, FCCD and FFD were compared as statistical multivariate methods for the collection of experimental data needed for the modeling and optimization of HSO extraction by n-hexane by the RSM. When combined with the RSM, all three methods were efficient in the statistical modeling and optimization of the influential process variables and led to almost the same optimal process conditions and the predicted HSO yield. Having better statistical performances and being economically advantageous over the FFD with repetition, the BBD and FCCD combined with the RSM are recommended for the optimization of solid-liquid extraction processes. These simpler experimental designs can successfully be applied in the whole experimental cubic space employed in the derivation of the models. and AICc -corrected Akaike information criterion [31] . c Taken from [3] .
